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SuMMmARy. Airborne multispectral image data were compared with intercepted
photosynthetic photon flux (PPF) in commercial winegrape ( Vitis vinifera) vine-
yards of Napa Valley, Calif. An empirically based calibration was applied to trans-
form raw image pixel values to surface reflectance. Reflectance data from the red
and near-infrared spectral regions were combined into a normalized difference
vegetation index. Strong linear response was observed between the vegetation
index and PPF interception ranging from 0.15 to 0.50. Study results suggest the
possibility of using optical remote sensing to monitor and map vineyard shaded
area, thus providing spatially explicit input to water budget models that invoke
evapotranspiration crop coefficient based calculations.

remium wine production is a
I ? fusion of viticulture and enol-
ogy. The viticultural aspect is
becomingincreasingly information-in-
tensive as growers seek to maximize the
potential of their lands, and enologists
seek to optimize fruit sampling strate-
gies with regard to vineyard variability.
California winegrapes are a high-value
irrigated crop, and investments that
boost fruit quality can provide substan-
tial economic returns. As multispectral
remote sensing data become increas-
ingly available worldwide for resource
monitoring, commercial viticulturists
are expanding their use of digital im-
agery for canopy management decision
support (Aho,2002; Hall etal.,2002;
Johnson et al., 2001).

Vineyard irrigation and resulting
water status affect several key cropping
aspects, including ripening rate (Win-
Kkler, 1958),yield and fruit composition
(Smart, 1985; Williams and Matthews,
1990), and susceptibility to infestation
ordisease (English etal., 1989). Water
deficits have neutral to negative impact
on yield but, if strategically imposed
by deficit irrigation, can be used for
grape quality enhancement, canopy
regulation, and water conservation
(Goodwin, 1995; Prichard et al.,
2003; Williams, 2001). Accurate water
budget characterization is especially

"Earth Science Div., NASA /ARC 242-4, Moftett Field,
CA 94035-1000. To whom reprint requests should be
addressed: phone: 650-604-3331; fax: 650-604-4680;
e-mail address: [johnson@mail.arc.nasa.gov

“Robert Mondavi Winery, Highway 29, Oakville, CA
94562. Current address: Department of Civil and
Environmental Engineering, University of California,
Berkeley.

Horllechnology « October—-December 2005 15(4)

crucial under deficit irrigation, as ex-
cessive stress can diminish or destroy
fruit quality.

Crop coefficient (Kc) based
methodologies referred to as FAO-24
(Doorenbos and Pruitt, 1977) and its
update FAO-56 (Allen et al., 1998)
underpin models that growers can use
to track water budget for operational
irrigation managementin well-watered
and deficit-irrigated crops (Goldhamer
and Snyder, 1989; Hatfield and Fuchs,
1990). The Kc is the ratio of crop
evapotranspiration (ET) to refer-
ence ET derived by monitoring of a
standardized surface. The California
Irrigation Management Information
System (CIMIS), forinstance, provides
daily reference ET updates to growers
statewide based on a well-watered,
actively growing grass that completely
shades the soil surface. Field research
has shown that size of the crop canopy
athand, expressed as the proportion of
soil shaded near solar noon, is related
to Kc in grape (Peacock et al., 1987;
Prichard et al., 2003; Williams, 2001)
and several other row crops (Grattan
et al., 1998).

Vegetation indices derived from
spectral datain the red and nearinfrared
(NIR) regions form a basis for evalua-
tion and mapping of vegetation canopy

size, both in terms of leaf area index
(LAI) and percent cover (Carlson and
Ripley, 1997; Wiegand et al., 1991).
The indices draw on the fact that,
relative to typical soil backgrounds,
vegetation canopies are strong scat-
terers of near-infrared (NIR) energy
and strong absorbers of visible energy
(Asrar et al., 1984). One common
formulation is the normalized differ-
ence vegetationindex (NDVI), derived
from spectral band reflectance (R) as
the quantity (R —Rioq) /(R + Ryey)-
Theindex generally ranges from 0-1 for
vegetated surfaces, with higher values
corresponding to greater biomass. The
response of NDVTislinear for relatively
low LAI canopies, such as those of
coastal California vineyards (<2.5 m? of
leaf per square meter of ground). This
relationship was previously merged
with vine density information to map
leatarea onaper-vine basisin vineyards,
using high-resolution satellite imagery
(Johnson et al., 2003).

This paper raises the possibility
of using digital remote sensing for
spatially explicit Kc parameterization of
irrigation decision support tools such as
CROPWAT (Smith, 1992) and Crop-
Syst (Stockle et al., 2003), based on a
linear relationship between airborne
NDVI and canopy PPF interception
observed in mild-climate vineyards.
The study builds on the results of Heil-
manetal. (1982)and Bauschand Neale
(1987), who linked Kc with spectral
vegetation indices collected by in-situ
radiometersin alfalfa (Medicago sativa)
and corn (Zea mays), and also those of
Hunsaker et al. (2003) from airborne
remote sensing of cotton (Gossypium
hirsutum).

Methods

STUDY FIELDS. Five small drip-irri-
gated commerecial fields were examined
in California’s Napa Valley (Table 1).
All were located on a 1.5-ha vine-
yard parcel near Oakville, Calif. (lat.
38°26’N, long. 122°24°W), planted
in 1989 with northeast—southwest row
orientation. All vines were of cultivar
Cabernet Sauvignon, with shoots

Units
To convert U.S. to S, To convert Sl to U.S.,
multiply by U.S. unit Sl unit multiply by

0.4047 acre(s) ha 2.4711

0.3048 ft m 3.2808

0.0929 ft? m? 10.7639

2.5400 inch(es) cm 0.3937

1.6093 mile(s) km 0.6214
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Table 1. Physical characteristics of Napa Valley winegrape vineyards used in this
study. The fields are ordered by ascending shaded area proportion as per Table
2. All fields were planted to ‘Cabernet Sauvignon’ in 1989, with vines grouped

along northeast—southwest rows.

Within-row  Between-row  Plot size
Field Rootstock”  Trellis'  spacing (m)* spacing (m) (ha)v
a 5C VSP 1.5 2.7 0.20
b 110R VS§P 1.5 2.7 0.28
C 110R VSP 1.5 2.7 0.16
d 110R VSP 1.0 1.0 0.13
e 110R S 1. 2.7 0.12

“Rootstocks = “Teleki 5C (Vitis berlandieri X V. riparia) or ‘110 Richter’ (V. berlandieri X V. rupestris).
YTrellis = VSP (vertically shoot positioned) or S (split canopy).

*1 m = 3.2808 ft.
“1 ha = 2.4711 acres.

pruned annually to the second node
during dormancy. Clean cultivation
was practiced throughout, result-
ing in exposure of bare soil between
vine rows. The fields were selected
to represent a broad range of canopy
size, approaching the full range of
development that is encountered in
mature, fruit-producing California
coastal vineyards under typical man-
agement practice (D. Bosch, personal
communication).

SHADED AREA ESTIMATION. Mea-
surements of PPF interception, or
shaded area (SA), were made by a
simple and quick canopy evaluation
method as currently recommended
to growers by agricultural extension
agents (Fig. 1). One investigator used
asteel tape to measure the width of the
shade zone, perpendicular to the row
direction,at 10 random locations along
one 50-m transect per field (Grattan et
al., 1998). A second investigator used
aconsumer-grade, 3-megapixel digital
camera to capture nadir-view photo-
graphs of'a 18 x 18-inch white board
placed within the shade zone at three
random locations per transect.

Shaded area is a temporally dy-
namic phenomenon that is sensitive
to changes in solar angle. To support
the internal consistency of the dataset,
all observations were made within a
20-min period centered on solar noon.
Solar elevation during this time period
was nearly constant, ranging from 72.3
to 72.6°. The data were taken under
clear sky conditions on 18 July 2003.
By this date, the vines had reached cli-
max LAI where they were maintained
through September harvest (D. Bosch,
personal communication).

The photographs were post-
processed with Photoshop software
(Adobe Systems, San Jose, Calif.)
to estimate and correct for sunflecks
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(patches of unintercepted sunlight)
contained within the shade zone. A
threshold brightness level was applied
to force darker areas (shade) to black,
and brighterareas (sunflecks) to white.
A histogram was then used to derive
sunfleck proportion per photograph.
Shaded area proportions were esti-
mated per field as SA = z/7 x (1 - ),
where z was mean shade zone width,
7was between-row spacing, and s was
mean sunfleck proportion.

IMAGE ACQUISITION. A multispec-
tralimage of the study areawasacquired
under clear sky near solar noon on 8
Aug. 2003 (solar elevation 67.4°) with
an airborne camera system (ADAR
5500; Positive Systems, Whitefish,
Mont.). The system included four ap-
proximately boresighted monochrome
cameras (model DCS-420; Kodak,
Rochester, N.Y.), respectively fitted
with filters in the blue (400-500 nm),
green (500-600 nm), red (600-700
nm), and NIR (700-900 nm) spectral
regions (Blonski et al., 2000). Flight
altitude was 4000 m above ground
level, yielding 2 x 3 km total field of
view per scene, with 2 x 2-m pixel
resolution. The system performed 8-bit
analog-to-digital quantization, thereby
assigning pixel values of maximum
range 0-255 per spectral channel.
Translation between scene brightness
and pixel value was governed by shut-
ter speed, which was independently
set in-flight for each channel based
upon brightness histograms from the
corresponding camera. The chan-
nels were precisely co-registered by

shadow (z)

tape measure qmgf\g foliage

N

Fig. 1. This top-view schematic shows the strategy for measurement of shaded
area proportion within each winegrape vineyard included in this study. Ten
measurements of shade zone width (z) were made with a steel tape. Three digital
photographs, taken of an 18 x 18-inch (45.7 cm) white board placed at random
locations along each transect, were used to correct for the presence of sunflecks
with the shade zone. All measurements were made within 10 min of solar noon.
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routine pre-processing conducted by
the image provider, and the scene was
then registered to the California State
Plane coordinate system by matching
with a 1-m resolution Digital Ortho
Quarter Quad (U.S. Geological Survey,
Reston, Va.). Although the image was
not acquired until 21 d after the SA
fieldwork was performed, the LAI was
assumed to be unchanged. However,
the 5° difference in solar elevation be-
tween fieldwork and flight dates likely
resulted in a slight downward bias of
the measured SA values with respect to
actual conditions at the time of image
collection.

IMAGE DATA CALIBRATION. A
handheld field spectroradiometer
(GER 1500; Spectra Vista Corp.,
Poughkeepsie, N.Y.) was used to de-
velop an empirical basis for conversion
of pixel values to surface reflectance
(Stow et al., 1996). The GER collects
data throughout the visible and NIR
with 512 spectral channels at 1.5-nm
bandwidth. Four artificial surface fea-
tures within the scene, ranging from
relatively dark to relatively bright, were
selected as calibration targets: an un-
lined asphalt road, a gravel parking lot,
and two concrete surfaces. A reservoir
was used as a dark target, with assumed
brightness of 2% in red and zero in the
NIR (Lillesand and Kiefer, 1994 ). Each
target was large relative to the image
pixel resolution, reasonably uniform,
and spectrally flat. Target reflectance at
650 and 800 nm (red and NIR chan-
nel centers) was derived as the mean
radiometer response from 10 locations
within each target, normalized to ambi-
ent light levels by response from a 45
x 45-cm Spectralon reference panel
with known reflectance properties.
All data were acquired under clear
sky near solar noon on 26 Aug. 2003.
Although the measurements occurred
18 d post-flight, the target reflectance
levels were temporally invariant to first
approximation and could therefore
be applied to imagery of essentially
any date.

Mean red and NIR pixel values
corresponding to each target were
calculated from nine “pure” pixels (i.e.,
containing spectral contribution only
from the target of interest), extracted
as a 3 x 3-pixel array situated in the
target center. The asphalt road was
too narrow to support such a scheme
without introduction of mixed pixels
(contaminated by spectral contribu-
tions from areas external to the target).
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Thus, for this case, pure pixels were
extracted in essentially linear fashion
from along the road center.

IMAGE DATA EXTRACTION. Mecan
red and NIR pixel values were calcu-
lated and recorded for each study field
using the area-of-interest tool in the
Imagine software package (ERDAS,
Atlanta). In specifying the area of
interest for these calculations, care
was taken to avoid pixels located near
any of the study field boundaries. For
additional reference, mean pixel values
were extracted from bare soil adjacent
to the study fields.

Results and discussion

Mean reflectance of the calibration
targets ranged from 8.9% to 56.2% in
red, and 10.5% to 59.5% in the NIR.
Linear relationships were found be-
tween target reflectance (R) and image
pixel value in the red and NIR chan-
nels (Fig. 2). The resulting calibration

equations were used to convert mean
pixel value (P) from each study field
to surface reflectance, as R, = 0.16
x Py —2.67,and Ry = 0.35 x Py
—9.26. These reflectance values were
subsequently combined into per-field
NDVL

Mean SA within the study fields
ranged from 0.14 to 0.50 (Table 2).
The NDVIvalues were linearly related
to study field SA, with y-intercept
approximating sunlit soil NDVI
(Fig. 3). As vineyard canopies in this
relatively mild temperature region are
physically trained to minimize canopy
self-shading, SA tends to be directly
proportional to LAI. This circum-
stance forms a basis for linkage of SA
and NDVI through leaf display. The
linkage is reinforced by the reflectance
characteristics of exposed soil. Due to
proportionally greater canopy trans-
mittance of NIR energy relative to red,
canopy-shaded soil exhibits elevated
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Fig. 2. The reflectance of various surfaces (water, asphalt, gravel, concrete) used
for image calibration, measured by a field radiometer, is compared with corre-
sponding pixel values from airborne image red and near-infrared (NIR) spectral
channels. The higher slope for the red channel compensates for the relatively low
reflectance (typically <15%) of vegetation in that spectral region. The brightest
ground target (white concrete) saturated the airborne camera’s red channel and
was therefore excluded from calibration of that band.

Table 2. Ground-based measurements of shaded area
proportion within each vineyard are shown, along with
supporting data on width of the shade zone (Fig. 1) and
proportion of the shade zone exhibiting sunflecks result-
ing from sunlight passing through gaps in the canopy.

Shade zone Sunfleck Shaded

Field width (m)~ proportion area
a 0.44 0.10 0.14
b 0.62 0.07 0.25
C 0.69 0.08 0.26
d 0.34 0.09 0.32
e 1.55 0.12 0.50
1 m = 3.2808 ft.

861



TecHNoLoGY & PrRobucT REPORTS

1
0.8 -
™
= 0.6 - OSA
c O Kc
m
,-f.’:g 0.4 P /) A soil
0.2 =
0 ke | |
0.1 0.3 0.5 0.7
NDWVI

Fig. 3. The relationship between the normalized difference vegetation index
(NDVI), derived from red and near-infrared channels of airborne multispec-

tral imagery, and ground-based measurement of shaded area (SA) proportion,

is shown for five winegrape vineyards examined in this study. Also shown: SA
converted to crop coefficient (Kc) per an empirical relationship (Kc = 1.7 x SA)
reported by Williams (2000, 2001). The Kc expresses crop evapotranspiration
relative to that of a standardized grass canopy completely shading the soil. A data

point for sunlit soil is shown for reference.

NDVI values with respect to sunlit
soil. For instance, spectroradiometer
measurements taken in this study
retrieved NDVI values for sunlit soil
near 0.15 (consistent with the airborne
measurement of Fig. 3), and near 0.50
for canopy-shaded soil.

Published crop coefficients are
generally expressed fora particular crop
type asafunction of time from planting
date or budbreak (e.g., Doorenboos
and Pruitt, 1977; Goldhamer and
Snyder, 1989). Coefficient seasonal
profiles are generally developed from
spatially and temporally specific crop
ET studies, often involving the use
of a weighing lysimeter. Use of these
generic profiles, while convenient, may
fail to account for the influence of actual
growing conditions and management
practices related to the specific crop
at-hand (Grattan etal., 1998; Neale et
al.,2003;Pinteretal.,2003). Misappli-
cation of irrigation may result, serving
to reduce farm profitability. Over-irri-
gation inflates water and energy costs,
while potentially reducing winegrape
quality. Under-irrigation can diminish
both quality and yield.

Derivation of crop coefficients
from biophysical observations of can-
opy size can improve consideration of
actualagro-meteorological conditions,
thereby supporting customized and
possibly more optimized water man-
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agement strategy. For large properties,
or those with highly variable growing
conditions, it may be impractical to
collect sufficient ground-based point
measurements to support operational
irrigation scheduling. In the case of
SA, internally consistent datasets may
be especially challenging to compile
due to the variable’s dynamic nature.
The initial results presented here, if
borne out by further testing, suggest
that remote sensing technology may
offer a viable, highly efficient data
collection mechanism for derivation
or adjustment of crop coefficients in
coastal California vineyards.
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